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Abstract
viewing on the rising demand and keeping eye on the expected future market of
telecommunication industry, now a days all the service providers are much more focused
on the eciency part of their network system. The technique of routing and wavelength
assignment (RWA) in a WDM/DWDM network is closely related to the performance of the
network and ultimately the eciency of the entire network system is based on it. Where,
all the service providers trying hard to maintain a satisfactory level of transmission quality,
there various types of physical layer impairments are obstacles for them. This research
work proposes a technique for the reduction of four-wave mixing (FWM) eect by using
an ecient RWA scheme for WDM/DWDM networks. However, we have gone through
numbers of RWA schemes from various literature and found those are less ecient to
provide better quality of transmission. In this thesis, we have proposed a WA scheme
which partitions the entire ber transmission window into 'N' number of bands and assigns
wavelength randomly from any one of the band based on connection length. Finally, the
analytical result proves that, this mechanism reduces the FWM eect signicantly which
is computed in terms of blocking probability. It says higher the partition, lower the FWM
eect.
Keywords: WDM, DWDM, FWM, RWA, Blocking probability, Fiber transmission win-
dow.
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C H A P T E R 1
Introduction
3
Preface
This chapter presents a brief introduction to the concept of FWM eect over WDM/
DWDM and in literature survey part various research works have been carried out so far
to mitigate the FWM eect and lastly the objective of our research work has mentioned.
It also gives an idea on the content part of rest of the chapters.
3
Introduction
1.1 Introduction
In present scenario of communication and network, the rapid increase in user number
is a big challenge for all telecommunication service providers. To serve all the users in the
network system and to deal with terahertz bandwidth, optical ber communication is the
ultimate solution using Wavelength Division Multiplexing (WDM) and Dense Wavelength
Division Multiplexing (DWDM) technology. This technology is being used in applications
such as video imaging services, medical imaging services, CPU interconnects and many
more [1]. The users in WDM/DWDM network communicate with each other through
optical channels, so called lightpath. The lightpath consists of multiple ber links and is
set up only when it occupies the same wavelength through all the ber links [2]. When
more number of channels will present inside ber transmission window, they interact more.
This breeds four-wave mixing (FWM) eect, which causes degradation in transmission
quality [3]. The degradation in service quality due to impairments is a big headache to all
service providers. The advancement in technology is in process to get rid of this problem.
1.2 Literature Survey
To meet the rising demand of the network usage, the capacity of the network must be
upgraded. Upgradation of capacity means focusing on the data transfer rate and the num-
ber of channels used in optical ber. If we will go for increasing the data transfer rate than
it needs replacement of all electronic end equipments of the entire ber network, which
will become a matter of concern for industry. If we will allow more WDM/DWDM chan-
nels inside the optical ber transmission window than due to insucient space between
channels, causes generation of FWM eect. Increasing the data-rate (above 40 Gbps)
breeds chromatic and polarization-mode dispersion eect which have highest impact on
BER performance of lightpaths in an optical ber system [4].
Also many research works have been conducted to bring down FWM eect in ber
transmission window. To reduce FWM interference/interaction a theory related to FWM
ratio (FWMR) has been proposed by M. Ali [5]. The ratio between the optical signal power
to FWM power at the receiving end of a lightpath is known as FWM ratio. When the
network receives one request for data transfer, then there will be many options/lightpaths
available for connection set up. The FWMR 1 for all wavelengths/lightpaths are cal-
culated. The lightpath which is having least FWMR 1 is marked as the shortest path
between source and destination node and this was done by using Dijkstra's algorithm .
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The FWM eect can be avoided by putting unequal space between the channels. It
has been proposed in [6{8]. But it creates more unused space inside ber transmission
window and unnecessarily the eciency is degraded.
Another kind of theory to reduce FWM eect has been proposed in [9] where a call
admission control (CAC) scheme was designed. This theory represents two algorithms
(a) relaxed algorithm (RA), (b) strict algorithm (SA). Both the algorithms were used to
estimate FWM eect for lightpaths in dierent manner and they do not allow lightpaths
to degrade its quality below a level, called a threshold level.
Keeping in the mind that, the FWM components have a tendency to populate them-
selves in the central part of the ber transmission window in comparison with the side
edges. To avoid FWM interference for the channels in the central region [3], Aneek adhya
and Debasish dutta have proposed a model where short lightpaths are placed in the cen-
tral part of the window and the long lightpaths on the sides. The lightpaths having short
length will interact for less time period, so the FWM eect reduces considerably unlike
long lightpaths.
1.3 Objective of the Thesis
The objectives of this research work are
 To discuss FWM aware light-path selection mechanism and to calculate bit error
probability of each lightpath in presence of FWM eect.
 To explain the ber transmission window partitioning mechanism.
 To measure the performance of the network by calculating its connection blocking
probability with respect to change in number of wavelengths, connection requests.
 To present a wavelength assignment mechanism to nd out all feasible light-path in
presence of FWM eect.
3
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1.4 Organization of the Thesis
Following to introduction, the thesis is organized as follows:
Chapter 2: It gives a basic introduction to WDM/DWDM networks along with the var-
ious components used in its networks. Knowledge about dierent kind of physical layer
impairments has been presented. Various routing and wavelength assignment techniques
have been discussed.
Chapter 3: This discusses bit error rate calculation for a lightpath in presence of FWM
eect and the transmission window partitioning mechanism as per our designed PWA
schemes.
Chapter 4: This chapter explains about the topology model along with various assump-
tions considered during simulation and nally the simulation results have been discussed.
Chapter 5: This chapter draws a conclusion relating to the outcomes of simulation and
presents the future scope of this work.
3
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Basic Concepts
3
Preface
This chapter presents the detail discussion on WDM/DWDM network and its various
components. It gives an idea of dierent kind of linear and non linear impairments. Lastly
it illustrates various routing and wavelength assignment techniques, wavelength assign-
ment algorithm and connection request patterns to a network.
3
Basic Concepts
2.1 WDM/DWDM Network
The technology used in WDM is to divide the entire bandwidth in to dierent wave-
lengths and then each wavelength is dedicated to provide service to source-destination
node pair. In this way the capacity of WDM is used eciently. The network has both
transmitter and receiver end. The wavelengths are multiplexed at the transmitter end and
de-multiplexed at the receiver end [10]. A diagram of a simple WDM transmission system
has been shown in gure 2.1 below. The main components of a WDM network are optical
ber, transmitter, receiver, lter, multiplexer, amplier, switch and wavelength converter.
Figure 2.1: A simple WDM based optical network.
Optical ber cable: The optical ber cable comprises of core and cladding. The light
rays in the form of wave travels through the core from one end to the other and during
propagation, it gets reected from the border between the core and the cladding which
causes loss. This is known as total internal reection eect. The refractive indices of core
and cladding are dierent, denoted as n1 and n2. The refractive index of core is greater
than the refractive index of cladding; n1 > n2. The refractive index of an optical medium
can be dened as the ratio of light speed in vacuum to the speed of light in that particular
medium. The light speed in vacuum is 3  108 m/s. When a light ray hits the border
between core and cladding with incident angle , a part of it reects back to medium
1(core) with reective angle , while the other part refracts to medium 2 (cladding) hav-
6
2.1 WDM/DWDM Network
ing a refractive angle . The relationship between the incident and refractive  and  is
dened by Snell's law: n2=n1 = sin=sin. If the angle of incidence  is above the angle 
which is called critical angle, then no light will pass to the other medium and the beam is
reected. The value of critical angle  = arcsin(n2=n1). The ber window is used within
1310 and 1550 nm, the attenuation are about 0.5 and 0.25 dB/km respectively [10].
Optical couplers: An optical coupler is a device used in WDM network, which combines
or splits the signals. The optical coupler can be a passive or active one. Basically it fol-
lows optoelectrical conversion technology. The passive couplers do not go for optoelectrical
conversion to redistribute signals. A passive directional 2  2 coupler is shown in Figure
2.2 (a). The optical coupler can have cross and bar state, and this classication is based
on coupling between the waveguides. Generally all the input power on one waveguide is
coupled to another in cross state, but for bar state there is no coupling between waveg-
uides. Figure 2.2 (b) and (c) shows the cross and bar state [10].
Figure 2.2: An optical coupler (a), (b) cross state (c) bar state.
Optical ampliers: These are used in networks to limitize the ber attenuation for
long route transmission. The three most used ampliers are
 Erbium-doped ber ampliers(EDFA)
 Raman ampliers
 Semiconductor optical ampliers
The EDFA is used in WDM networks to amplify optical signals by using erbium-doped
optical ber as gain medium. The ber core is doped with atoms which are erbium
charged to shift the energy between discrete levels. The second type of amplier is Raman
amplier. Its signal amplication technique is based on the stimulated Raman scattering
(SRS) eect. The SRS is having a harmful eect on WDM systems, but it is found very
useful in light amplication. The third type of amplier is semiconductor optical amplier.
It is operated in a principle similar to the semiconductor laser by using a semiconductor
7
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in which population inversion is done by the application of external voltage [10].
Optical transmitter: Two types of transmitters are used in optical communication
system i.e. light emitting diode (LED) and laser. The operational procedure of LED is
based on spontaneous emission of light. The generated light is purely incoherent in nature
and comprises of many wavelengths with dierent phases. The LED produces light wave
with broad spectrum and having low power. The Laser generates coherent light, i.e. light
is having wavelengths of nite number at the same phase. The operational principle is
based on stimulated emission of photons, which is best outlined with the fact that its name
comes from LASER(light amplication by stimulated emission of radiation) [10].
Optical receiver: The optical receivers are the photo detectors which transform the
optical signal to electrical signal. A photo detector detects a desired wavelength and
converts the incoming photon stream into electrons with a fast response and low noise
and temperature sensitivity. Most commonly used photo detectors are photodiodes, i.e.
intrinsic p-n diodes (PIN) and avalanche photo diodes (APD) [10]. As shown in the g 2.3
the incoming optical signal is pre-amplied by the optical amplier, than it is fed in to the
optical lter to cut the noise level by selecting the desired wavelength. Optical signal is
transformed to electrical signal by the photo detector, than it is fed to post amplier. An
equalizer is needed to compensate the inter symbol interference. To pull out the received
signal, a recovery clock circuit is used in the decision circuit. At last the sampled signal
is compared with the pre-set threshold. Decision circuit sets the received signal sample to
bit 1 or to bit 0 after comparing with threshold.
Figure 2.3: Block diagram of optical receiver
Optical lter: The Optical lter separates and selects signals of particular wave-
lengths. The optical lter is of two types. First one is based on optical interference and
8
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it uses optical diraction. The second one is based on the possibility of tuning the wave-
lengths which will be ltered out [10].
Dense Wavelength Division Multiplexing (DWDM): Dense wavelength division
multiplexing (DWDM) is the advancement of WDM, used in current ber optics com-
munication industry. Both DWDM and CWDM use WDM technology to allow many
numbers of lightwaves to transmit through same single optical ber cable simultaneously.
As compared to CWDM (coarse wavelength division multiplexing), DWDM carry more
ber channels. By using DWDM technology, data can be transferred at a speed of 400Gb/s
in a single channel. The DWDM is most advantageous because, its protocols do not relate
with data transfer rate [10]. So the protocols like IP, ATM, SONET/SDH, Ethernet are
used in DWDM and the data transfer rate between 100Mb/s to 2.5Gb/s. Even this tech-
nology allows transmission of dierent data streams at dierent transfer rate in the same
channel.
2.2 Overview of PLIs
The physical layer impairments (PLIs) in optical ber communication are of two types:
linear and non-linear impairments [11{13]. The linear impairments (LIs) are basically
intensity-independent, static and non-linear impairments (NLIs) are intensity dependent,
dynamic in nature. The NLIs depend on the current allocation of route and wavelength.
They aect optical channel and cause disturbances. LIs do not depend on the signal power
and aect each channel one by one during transmission [14].
2.2.1 Linear impairments
As shown in gure 2.4 the important LIs are: ber attenuation, component insertion
loss, amplier spontaneous emission (ASE) noise, chromatic dispersion (CD), polarization
mode dispersion (PMD), polarization dependent losses (PDL), crosstalk (XT) (both inter-
and intra-channel) and lter concatenation (FC). Let us discuss all these in brief.
Polarization Mode Dispersion (PMD): PMD is generated because of the presence
of geometric irregularities along the optical ber and it is very common in ber optic
communication. The irregularities like bending, twisting or pinching of the ber generates
various polarizations and due to that reason signal traverses in dierent velocities and
results pulse spreading in frequency domain, which is called as PMD. Due to this, the two
modes processing dierent polarization level may travel with dierent velocity. Hence,
9
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Figure 2.4: Classication of PLIs in WDM/DWDM network
a delay called dierential time delay is introduced in between two modes. The PMD is
completely random in nature. The dierential group delay introduced by the non-ideal
ber may be calculated as TPMD = DPMD  pL; where DPMD is a PMD parameter
measured in ps=
p
km. As it is dependent on square root of length, pulse broadening gets
introduced but eect is less in comparision with CD. The normal PMD value range is in
between 0.01-10 ps=
p
km [11{13,15]. It can be a major problem creator for higher bit rate
long distance WDM systems.
Figure 2.5: The pulse broadening due to dispersion eect
10
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Chromatic Dispersion (CD): It is also known as intramodal dispersion and is gen-
erated in single mode ber. The spreading is due to the nite width of spectral emission
in optical source. If the width of spectral emission increases the dispersion will go up [11].
Chromatic dispersion causes broadening in pulse and that is why it spreads on other pulses
and their time slots get aected. This one is regarded as the major limitation for high
speed (above 2.5Gb/s) network system. It is also known as material dispersion. Mate-
rial dispersion is generated when refractive index of core varies and it is considered as
function of wavelength. The spreading of pulse generated because of CD is expressed as
TCD = DCD L here DCD is the dispersion coecient, L length of the ber link and
 is the wavelength assigned to the ber link.
Polarization Dependent Loss (PDL): There are two components of polarization which
are along the two number of axes in a circular ber suer dierent rates of loss due to
presence of irregularities in ber; therefore the signal quality is degraded, which is not
controllable. Due to this, uctuations get introduced in OSNR(optical signal-to-noise ra-
tio). It is measured as the ratio between peak-to-peak dierence in transmission and all
possible polarization states. This is written as PDLdB = 10log(Pmax=Pmin), where Pmax
is maximum and Pmin is minimum power output. This thing is found in optical compo-
nents which are passive [1].
Linear Crosstalk (LC): LC is generated because of incompletion of isolation in WDM/
DWDM connection of optical components like OADMs, OXCs, multiplexer/de-multiplexer
and optical switches. It occurs because of leakage in power on the desired connection/ light
wave from other connections/lightwave. LC is of two types: out-band (OB) or in-band
(IB) [16]. IB crosstalk has adverse eect as compared to OB crosstalk because it will lie
in the same band of frequency as of the desired signal. In ideal case, there is no crosstalk
as two signals are routed to dierent output ports. However, any leakage or in-sucient
isolation induces homodyne crosstalk.
Filter Concatenation (FC): The FC eect is generated when the signal's spectral
width gets narrowed, when traverses through a set of lters along a connection. Also FC
depends on three things: one is route, second is the type of modulation used and third
is how many optical components up to destination end when signal moves from source to
destination.
Amplier Spontaneous Noise: The optical ampliers which are connected as inter-
mediate nodes, like repeaters or preamplier and this device produces noise before the
receiver end. This noise is called amplier spontaneous noise (ASE). It is the ratio of
the noise power spectral density of the amplied output to the input noise power spectral
11
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Figure 2.6: Signal with in-band crosstalk
density and is often specied in decibels (dB). The ASE works both in forward as well as
backward direction but during propagation the forward noise will interact with the signal
and ultimately the performance is degraded.
Modal dispersion (MD): Modal dispersion is a predominant LI in multimode ber.
Dierent modes having dierent propagation constant take various path available in ber
and travelling down dierent length in the ber. This results delay in time period among
dierent modes and due to this, spreading of pulse is occurred. If a graded index and
step index ber of same size are taken for use than modal dispersion is found more in step
index ber than graded index [13].
Waveguide dispersion: This eect is generated due to interaction among waveguide's
physical dimension and the light pulse. Out of single mode and multi-mode ber, single
mode ber gets aected by waveguide dispersion. In ber optic communication the light
passes through core of the ber but about 20 percent of light energy in the form of signal
power travels in ber cladding. In optical ber, this waveguide is represented as propaga-
tion constant of a mode and is equal to a=, a is the radius of core in ber and  signal
wavelength [11].
2.2.2 Nonlinear impairments
As mentioned in the gure 2.4 the block diagram of classication of PLIs, the important
non-linear impairments (NLIs) are self-phase modulation (SPM), cross phase modulation
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(CPM), four wave mixing (FWM), Stimulated Brillouin Scattering (SBS) and Stimulated
Raman Scattering (SRS). The following sections describe in detail.
Self-phase modulation (SPM): The SPM is generated when light and matter interact
with each other. A light pulse which is short one, when traverses in a medium, it gets
introduced with variation of refractive index in the ber due to an eect called the optical
Kerr eect. When it traverses, if the light pulse will have higher intensity than a portion
of a light pulse gets encountered by ber of refractive index of higher value as compared to
the portion having lower intensity. This variation in refractive index breeds a phase shift
in pulse. Therefore, the changes in frequency spectrum of pulse occurs. SPM uses small,
intense pulses of light, such as laser.
Cross phase modulation (XPM): When one wavelength of light aects the phase of
another wavelength of light then this eect is known as XPM, also known as optical kerr
eect. The phase modulation in one optical pulse occurs due to amplitude of another
pulse. It causes
 Cross talk in between channels
 Timing jitter in the ber medium
The XPM eect is directly proportional to the channel numbers if those are more and
degradation occurs more than SPM.
Figure 2.7: SPM and XPM eect in optical ber
Stimulated Raman scattering (SRS): This eect degrades the signal at lower
wavelength. In SRS lower wavelength signal power transforms to higher wavelength signal.
So the SNR of lower wavelength signal reduces.
Stimulated Brillouin scattering (SBS): SBS occurs due to the interaction among
acoustic photons, causes density variations and hence the path of it gets changed. In SBS,
13
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the process of scattering is stimulated by photons. All these photons are associated with
higher wavelength rather than the incident signal wavelength.
Four-wave mixing (FWM): It is a phenomenon in ber networks wherein light waves
interact to produce a new one likewise when two or more wavelengths interact among
themselves and generate the new one [3,17,18]. If three frequencies fp, fq and fr interact,
they generate new light waves of the frequency fpqr = fpfqfr. Where p; q; r 2 [1;M ];r6=
p; q with M is the number wavelength in a WDM link. If M number of wavelengths co-
propagate than M2(M   1)=2 number of FWM components will be generated [3, 17]. So
assuming 3 frequencies, which will generate total of 9 FWM components i.e. f1 + f2  
f3; f1 + f3   f2; f3 + f2   f1; 2f1   f2; 2f1   f3; 2f2   f1; 2f2   f3; 2f3   f1; 2f3   f2. Out
of these 9 components f1 + f2   f3; f1 + f3   f2; f3 + f2   f1 will lie in dierent bands,
but2f1   f2; 2f1   f3 will lie in origin band off1. Similarly 2f2   f1; 2f2   f3 will interact
with f2 and 2f3  f1; 2f3  f2 with f3. For 4 no. of wavelengths, there will be total 24 no.
of FWM components.
Figure 2.8: FWM eect between wavelengths
This eect is independent of the data transfer rate [4,19] but it depends on the channel
spacing, dispersion present in ber and walk o period of the wavelengths. The increment
of FWM eect is inversely proportional to channel spacing. It is having severe impact
on a WDM system, when network uses dispersion-shifted ber. This is the reason WDM
systems uses non-zero dispersion-shifted ber to minimize this eect. There is another
way this eect can be minimized by allowing unequal space between channel to avoid in-
terference between the generated signals with the original signals.
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2.3 Routing and Wavelength Assignment
Routing and wavelength assignment (RWA) signies a process of setting up a connec-
tion between a source-destination node pair followed by assigning wavelength [20, 21] to
that connection. An optical ber cable using WDM/DWDM technology can accommo-
date up to 120 wavelengths. This capacity will be more in near future [22]. The RWA
signies two processes. Firstly by using a routing technique, nd a connection for a source-
destination node pair and secondly assign a wavelength on the selected connection by using
an algorithm called wavelength assignment algorithm.
2.3.1 Routing Techniques
There are two types of routing techniques. Those are discussed below
Fixed Routing (FR): In this technique when a source-destination node pair is initialized
than only one light path is established [2]. The major drawback of it is that, due to lack
of light paths it shows high blocking probability.
Adaptive Routing (AR): Using this technique, all the possible connections are found
out online initially. This nding is dependent on network state and resources availabil-
ity [23]. A connection is set up dynamically but it depends on network state. When the
network receives the connection request, the shortest connection is computed out of all
possible connections. If the algorithm nds more than one connections having equal dis-
tance, then the path is selected randomly and blocked when connection is not available.
This technique is mostly used in WDM/DWDM network and also being used in our work.
2.3.2 Wavelength Assignment Algorithm
Assignment of wavelength is the post work of connection selection and it is carried out
by using various algorithm illustrated below.
Random WA: Out of many wavelengths one wavelength is taken randomly. In actual
scenario the algorithm generates a number randomly and wavelength is assigned to it.
First-Fit WA (FFWA): In this method, all available wavelengths, are arranged in as-
cending order. Then the rst lightpath connection is served by the least number wave-
length. The blocking probability is low in this case because it works in a disciplined
manner [24].
15
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2.3.3 Network Trac in WDM/DWDM Network
In a WDM/DWDM network, the network trac pattern is of two types static and
dynamic.
Static pattern: In this pattern, the network has prior information/knowledge about the
path; the source-destination pair to be used at a particular moment and it remain for a
period of time. So the network adopts reservation scheme for this.
Dynamic pattern: In this mechanism any number of connection requests may be arrived
to network at any point of time and to serve it, network will not adopt any reservation
scheme. Each light path is served as it arrives and it is released after a period of time. Gen-
erally this method is being adopted by all service providers now-a-days. Also the RWA
faces various constraints, those are wavelength continuity, wavelength distinct, physical
layer impairment and trac engineering.
3
16
C H A P T E R 3
System Design
3
Preface
This chapter presents details about our PWA schemes, discusses the specially designed
algorithms for FWM aware wavelength assignment task and nally calculation of FWM
bit error rate for each lightpath.
3
System Design
3.1 Transmission Window Partitioning Mechanism
A light path is established means, light has to travel through many number of links. In
every link the same lightpath gets encountered by dierent wavelengths. So for the same
lightpath the FWM power/components will vary from one link to another link. FWM
eect is zero when the lightpath starts travelling and this eect gets accumulated in each
link throughout its route [17]. Let us consider WDM system where all channels are equally
spaced, the FWM components will be gathered more in the central part of the transmission
window than the edges [3,6]. The below gure shows the distribution of FWM components
of a WDM link. Here in gure 10 channels are travelling together and their frequencies
range is 193.0 THz to 193.225 THz and space between each channel is 25 GHz.
Figure 3.1: FWM component distribution inside transmission window.
Referring to the above example, large number of generated components are gathered
automatically in the center part of the window rather than extreme edges. The channels
are allocated in the central part of the window will experience more FWM eect, than
placed in the sides of the window. Using this observation, aneek adhya and debasish dutta
have proposed a model, where short lightpaths are placed in the central segment of the
window and the long lightpaths on the side edges (outer segments), to bring down the
FWM eect at the central region as shown in gure 3.2.
The wavelengths from these segments are allocated to a connection. It is dened as ex-
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Figure 3.2: Placement of long and short lightpath inside transmission window.
isting wavelength assignment (EWA) technique for FWM. In our case, we designed a new
WA scheme based on N number of partitions in transmission window. These partitioning
are named as equal number of odd and even partitioning. If there is N partitioning, than
the name of the bands will be 1; 2; 3; 4:::; N   2; N   1 and N .
The proposed partitioning mechanism divides the transmission window in to N number
of partitions. It has N/2 number of odd bands named as band 1; 3; 5; : : : (N   3); (N   1).
Similarly it has also N=2 number of even bands named as 2; 4; 6; (N   4); (N   2) and N .
Referring to gure 3.4 whenever, a WDM network receives a connection request than it
initializes the node pair containing the source node and destination node for the respective
connection request. First the network tries to compute all the possible paths between the
source and destination node pair. Those possible paths are arranged in a sorted order.
Then, it picks the rst possible path and assign wavelength using PWA schemes. Assign-
ment of wavelength using PWA scheme has been shown detail in gure 3.5. The BER is
calculated each time for the same path under dierent schemes. If the calculated BER is
less than the threshold BER which is xed 10 9 than that connection will be accepted and
network will switch to another connection request. But if it nds that calculated BER is
greater than the threshold BER than it rejects that connection and tries for another one
and so on. This stops when there is no more connection request.
We have also designed algorithms for the entire procedure. Algorithm 3.1 has been de-
signed for routing and wavelength assignment in presence of FWM eect. Algorithm 3.2
is to assign wavelengths using PWA schemes also it will call a sub algorithm to assign
19
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Figure 3.3: Transmission window partitions for N=4, 8 and 16
.
wavelengths in inner bands. Algorithm 3.1 will call algorithm 3.2 during its operation.
Algorithm 3.2 will call algorithm 3.3 during assigning wavelengths in inner bands.
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Algorithm 3.1: FWM aware RWA
1: fData: Simulation Network Topology, Parameters For
Simulation,s,d,ConnectionRequests, BERthrs, PartitionsN = 4; 8; 16,
AllPossibleConnections Result: BER, Connectionaccept,
Wavelength assignmentg
2: Initialize (s; d) = () and take the rst connectionrequest
3: for cr=1 to CR do
4: Get AllPossibleConnections and take the rst connection
5: for c=1 to C do
6: WavelengthAssignment using PWA schemes
7: for N = 4; 8; 16 do
8: Compute BER for each connection
9: if BER < BERthrs then
10: Accept assign the connection to request and go for next request
11: else
12: Reject connection and go for next connection
13: end if
14: end for
15: end for
16: end for
As illustrated in gure 3.5 the threshold/average distance dthrs for all existing K num-
ber of connections is calculated. Initially the number of connections established, L = 0
and number of connections blocked, M = 0. Here N is the number of partitions to be ob-
tained inside ber transmission window. Considering the rst connection having distance
d, if it is greater than the threshold distance than it will try to assign from (2n  1)th and
(2n)th bands for n values 1; 2; : : : Nmax=4. The (2n  1)th bands for n value 1; 2; ::Nmax=2
are odd partitioned bands. Similarly the (2n)th bands for n value 1; 2; ::Nmax=2 are even
partitioned bands. Here wavelength assignment task for connections is carried out in a
sequential order. The connection comes rst to the d > dthrs section is treated as rst and
odd one, the next connection comes in, is the second and even one, the next is third and
odd one and this sequence is followed in equal manner for d < dthrs section. When the rst
wavelength is assigned in any of band than K and L value is updated to K = K   1 and
L = L+1 respectively. The wavelength assignment may switch from d > dthrs to d < dthrs
section due to non-availability of wavelengths in earlier section. After completion of each
assignment process, it checks whether K is equal to zero or not. When it nds K is not
equal to zero than it goes for next connection assignment task.
When it nds a path having distance less than threshold distance than it assigns wave-
length to sequentially odd number connection from (2n 1)th and even number connections
from (2n)th bands for values of n = (Nmax=4)+1; (Nmax=4)+2; : : : : : : Nmax=2. If the WA is
21
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Algorithm 3.2: Wavelength assignment using PWA Scheme
1: f Given data:All existing Connections, d, K, L, M , S, n
Result:Wavelength assignment g
2: Initialization: K,L,M ,S
3: Compute dthrs out of all existing connections
4: Take a connection of distance d
5: if d > dthrs then
6: Assign odd wavelengths in (2n  1)th and even wavelengths in (2n)th bands
7: for n=1 to Nmax=4 do
8: for Repetition of assignment in same band at Nmax=2 gap do
9: if assignment feasible in (2n  1)th band then
10: k=K-1, l=L+1
11: else
12: assign in (2n)th band
13: k=K-1, l=L+1
14: else
15: for n= (Nmax=4) + 1 to (Nmax=2) do
16: for Repetition of assignment in same band at Nmax=2 gap do
17: assign in inner bands
18: if K = 0 then
19: Stop
20: end if
21: end for
22: end for
23: end if
24: end for
25: end for
26: end if
Algorithm 3.3: Assign Wavelength in inner bands
1: fGiven data: All existing Connections, K, L, M , n g
2: Initialization: K,L,M
3: Assignment of odd wavelengths in (2n  1)th and even wavelengths in (2n)th bands
4: if assignment feasible in (2n  1)th band then
5: k=K-1, l=L+1
6: else
7: assign in (2n)th band
8: k=K-1, l=L+1
9: else
10: Block the connection
11: k=K-1,m=M+1
12: end if
not feasible in (2n)th band for any values of n = (Nmax=4)+1; (Nmax=4)+2; : : : : : : Nmax=2
than it blocks the connection and the value of M gets updated to M+1. The WA task
stops when it nds K = 0.
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3.2 FWM Aware Bit Error Rate Calculation
As discussed earlier, when two or more wavelengths travel together in a ber cable than
they will generate some new wavelengths, which are called FWM components. Suppose
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three equally spaced wavelengths p, q and r are moving together than a new FWM
component p;q;r will be generated. It can be expressed as
p;q;r = p  q  r (3.1)
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where, p 6= r and q 6= r. In the above equation p; q; r are wavelengths. If three light
waves interact than there are nine number of wavelengths generated [3] and this eect is
dependent on the length of duration of interaction among channels inside ber cable and
the space between channels. The FWM power [25{29] Ppqr(i; j) produces in a link (i; j) is
Ppqr(i; j) =

9
d22PpPqPre
 LL2eff (3.2)
The p; q; r are index numbers; d is called degeneracy factor, d is 3, when p = q and 6
whenp 6= q ; Pp; Pq; Pr are signal input power, L is the ber length;  is the attenuation
coecient of ber cable;  is the non-linear coecient; Leff is the eective ber length
and is calculated as
Leff =
 
1  e L

(3.3)
The eciency  in presence of FWM eect is represented by the equation below
 =
2
2 + 2pqr

1 +
4e Lsin2(pqrL=2)
(1  e L)2

(3.4)
According to [28,30], the eciency is approximated to
 =
2
2 + 2pqr
(3.5)
If the value of pqr is zero than eciency  will be 1. The pqr is called propagation con-
stant dierence which is dependent on spacing between channel as well as ber chromatic
dispersion. The propagation constant can also be represented by the equation below
pqr = 2c
2
kpqqr

h
Dc + (
2k
2 )(pq +qr)
dDc(k)
d
i (3.6)
In the above equation k= central wavelength, C is the speed of light, Dc the ber chro-
matic dispersion and dDc(k)d the dispersion slope. If the propagation constant dierence
is far from the zero dispersion region than
pqr = 2c
2
kDcpqqr (3.7)
When the channels inside transmission window are equally spaced than pq = qr =
. So for nth connection a source-destination node pair (s; d) comprises of many links.
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Hence total FWM power is
Ppqr(s; d) =
X
(i;j)2(s;d)
X
p
X
q
X
r
Ppqr(i; j) (3.8)
At receiver end the light of FWM and desired signal both are detected , so the noise power,
FWM [28, 30] is
FWM = 2
2Pds
Ppqr(s; d)
8
(3.9)
where Pds is the optical signal power of the received signal at the receiver.
Pds = Pie
 L (3.10)
In case of FWM, the bit-error rate is
BERFWM = 0:5erfc (SNRFWM ) (3.11)
where SNRFWM is represented as
SNRFWM =
Ids
FWM
p
2
(3.12)
Here Ids is the photo current and it is written as Ids = Pi, Pi is the input power and  is
the receiver's responsivity.
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3
Preface
This chapter presents three types of simulation carried out during our work along with
a comparative study of the results.
3
Simulation and Results
4.1 The Topology Model
We used a NSFNet topology for our simulation work which contains 10 nodes and 16
links as shown in gure 4.1. The distances between the nodes are expressed as number.
Those numbers are representing spans, and one span is 70 km.
Figure 4.1: The NSFNet topology
Following assumptions have been made during computation and MATLAB software
has been used for all simulation work.
 The topology containing the nodes are of same type.
 All links will serve xed number of wavelength for transmission.
 During simulation various noise eect like shot and thermal noise have been ignored.
 All links are maintaining wavelength continuity constraint.
 It is assumed that no any connection is existing in-between any source-destination
pair.
 Non of the node is having wavelength conversion capability.
The value of the parameters used in simulation is shown in table 4.1.
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Table 4.1: Parameters used in simulation
Parameters Values
Receiver's responsivity,  1
Signal current, Is 1mA
Input powers, Pp; Pq; Pr 5mW
Fiber attenuation,  0.2dB/km
Degeneracy factor, d 3 if fi = fj and 6 if fi 6= fj
Eciency,  0 to 1
Chromatic dispersion, Dc 0.3 ps/nm-km
Dispersion slope, dDc=d 0:07ps=nm
2
Central wavelength, k 1:55m
Nonlinear coecient,  2.35(w.km) 1
Space between channels,  25 GHz
4.2 Simulation results for blocking probability w.r.t varia-
tion in number of wavelengths
In rst type of analysis, we tried to show how blocking probability changes when we
bring up any changes in number of wavelengths. Referring to the gures below, each gure
is meant for dierent source-destination (s; d) node pair comprising of existing wavelength
assignment EWA(3), proposed wavelength assignment having 4, 8 and 16 partitions. Those
are named as PWA(4), PWA(8) and PWA(16). The plots have been shown in gure 4.2(a),
(b), (c), (d), (e) and (f) reect that PWA schemes having better performance than EWA.
Out of all these above gures we can see that PWA scheme with 16 partitions PWA(16)
performed better than others. One more thing we can bring in to notice that if we go for
more partitions of the ber transmission window than the blocking probability will grad-
ually go down.
4.3 Simulation results for blocking probability w.r.t varia-
tion in number of connection requests
This analysis is carried out to show that how blocking probability varies with variation
of connection requests at dierent wavelength. The node pairs (1, 3), (1, 8), (3, 7) and (3,
8) have taken for analysis. At xed wavelength, when the number of connection requests
vary from lower value to higher value it is observed that the blocking probability also
gradually decrease. The gures 4.3, 4.4, 4.5 and 4.6 represent the performance in terms of
blocking probability vs variation in number of connection requests for node pairs (1, 3),
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(a) (s, d) node pair: (1, 3) (b) (s, d) node pair: (1, 8)
(c) (s, d) node pair: (3, 8) (d) (s, d) node pair: (4, 7)
(e) (s, d) node pair: (4, 8) (f) (s, d) node pair: (3, 10)
Figure 4.2: Connection blocking probability vs. no. of wavelengths used per link
(1, 8), (3, 7) and (3, 8). The simulation plots are taken at dierent number of wavelengths
such as 20, 25, 30, 35, 40, 45 and 50 respectively. The result signies PWA scheme has less
blocking probability. The gures reect that the blocking probability moves downward
with the increase in number of partitions as well as wavelengths.
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wavelengths
(a) Wavelengths: 20 (b) Wavelengths: 30
(c) Wavelengths: 35 (d) Wavelengths: 40
Figure 4.3: Blocking probability vs. no. of connection request for (s, d) pair: (1,3)
4.4 Simulation results for no of connections set up for dif-
ferent node pairs at dierent wavelengths
The third case analyses the performance of various PWA schemes by calculating the
number of connection established for a node pair. As shown in gure 4.7 and 4.8, the BER
values of all established connections are above 10 9. Let us take node pairs (3, 5), (2, 9)
and (6, 7) in gure 4.7 (a), (b), (c) and (d) whose numbers of possible connections are 21,
29 and 28. At 25 wavelengths, for node pair (3, 5) out of 21 connections, 13 connections
for EWA are above 10 9 which are accepted, for PWA(4), 18 connections, PWA(8), 19 and
for PWA(16) all connections have been accepted and the remaining are blocked for others.
When we increased the number of wavelengths to 30, 40 and 45 we have noticed that,
PWA schemes performed better than EWA. If we go for more number of partitions than
no of connection accepted will also increase. Similarly the number of possible connections
for node pairs (1, 3), (4, 8) and (4, 7) are presented in gure 4.8 (a), (b), (c) and (d)
at dierent wavelengths. These plots reect that, if more wavelengths available per link,
then number of connections set up will be more as well as more number of partitions also
matter a lot.
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(a) Wavelengths: 30 (b) Wavelengths: 35
(c) Wavelengths: 40 (d) Wavelengths: 45
Figure 4.4: Blocking probability vs. no. of connection request for (s, d) pair: (1,8)
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4.4 Simulation results for no of connections set up for dierent node pairs at dierent
wavelengths
(a) Wavelengths: 20 (b) Wavelengths: 25
(c) Wavelengths: 30 (d) Wavelengths: 35
Figure 4.5: Blocking probability vs. no. of connection request for (s, d) pair: (3,7)
(a) Wavelengths: 25 (b) Wavelengths: 30
(c) Wavelengths: 40 (d) Wavelengths: 50
Figure 4.6: Blocking probability vs. no. of connection request for (s, d) pair: (3,8)
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(a) Wavelengths: 25 (b) Wavelengths: 35
(c) Wavelengths: 40 (d) Wavelengths: 45
Figure 4.7: No of connections accepted for node pairs (3, 5), (2, 9) and (6, 7)
(a) Wavelengths: 25 (b) Wavelengths: 30
(c) Wavelengths: 35 (d) Wavelengths: 40
Figure 4.8: No of connections accepted for node pairs (1, 3), (4, 8) and (4, 7)
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3
Preface
This chapter concludes our research work relating to the outcomes of simulation and lastly
gives an idea about future scope of this work.
3
Conclusion and Future Work
5.1 Conclusion
The analytical results found in earlier chapter reect the usefulness of transmission
window partitioning over FWM crosstalk during routing and wavelength assignment in
WDM/DWDM network. The PWA scheme has proved itself more eective and ecient
one for WDM/DWDM networks, where there is always some FWM eect found inside
ber transmission window. This thesis demonstrates all the PWA schemes, measure the
performance of the network by calculating blocking probability relating to variation in
number of wavelengths and connection requests. The simulation results say that these
PWA schemes can reduce the FWM eect signicantly, even the lightpaths which were
rejected in EWA scheme, later got accepted in PWA schemes.
5.2 Future work
Development of a simulator to reduce blocking probability using transmission window
partitioning mechanism for industrial use.
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